The unipolar fatigue behavior of undoped Li 0.06 Na 0.52 K 0.42 NbO 3 (LNKN6-a) and the same compound with additives (LNKN6-b) were observed. Unipolar cycling was performed between room temperature and 150°C under a high unipolar electric field of 4 kV/mm. LNKN6-a fatigued under crack formation throughout the examined temperature range. The switchable polarization 2P r of LNKN6-a decreased for 20% (=2¯C/cm 2 ) at 150°C. In contrast, mechanical degradation was not observed in LNKN6-b. The switchable polarization 2P r of LNKN6-b decreased for 15% (=3.2¯C/cm 2 ) at 150°C. It should be noted that at 50°C, fatigue-free behavior was observed for LNKN6-b over at least 10 6 cycles. The influence of phase transition on this fatigue-free behavior was discussed.
Introduction
Piezoelectric actuators demonstrate high efficiency, unlimited resolution and ultrahigh accelerations. 1)3) For this reason, they can be found in many different applications such as fuel injectors, nanopositioners and pulse drive motors, which involve the coupling of mechanical strains with high electric AC fields. Under these conditions the material is susceptible to changes in their characteristics. It was shown that lead zirconate titanate (abbreviated as PZT), decreases in piezoelectric and dielectric properties after a certain amount of electric cycles. 4 ), 5) More information about the occurring processes that lead to these changes can be deduced from fatigue experiments. Given the widespread use of PZT in industrial applications, most fatigue studies published in the scientific literature deal with lead-based materials. Detailed reviews were given by Genenko et al. and by Lupascu and Rödel for bulk PZT. 6), 7) PZT ceramics show high piezoelectric properties, however, due to toxic by-products leadfree alternatives are needed. In 2004, the research of Saito et al. showed a highly promising alternative in alkali niobate-based (abbreviated as NKN) ceramics. The piezoelectric coefficients d ij of NKN ceramics are relatively low compared with those of PZT, but the Curie temperature is high (T C = 420°C). 8), 9) Although NKN ceramics were since then studied, only a few publications dealt with the fatigue behavior of alkali niobate ceramics and none of them observed the influence of temperature. 10)14) Undoped NKN undergoes a phase transition from orthorhombic to tetragonal structure at temperatures of about 200°C (T O-T ). By doping NKN ceramics with Li [Li x (Na 0.5 K 0.5 ) 1¹x NbO 3 ] (abbreviated as LNKN), the orthorhombic-tetragonal phase transition temperature decreases even further and at Li contents in the range 0.05 < x < 0.07, the polymorphic phase boundary between orthorhombic and tetragonal phases is stabilized at room temper-ature. LNKN ceramics have a lower permittivity ¾ than PZT and consequently do not generate much heat during application. 15) Furthermore, LNKN ceramics can be cofired with Cu 16) and have high piezoelectric properties and Curie temperature (T C = 460°C). 17),18) Therefore, these materials are promising for industrial applications, such as multilayer actuators under high temperature conditions. However, Hollenstein et al. showed that after a few heating and cooling cycles around the phase transformation temperature T O-T , the piezoelectric properties significantly decreased for LNKN samples with less than 7 mol % of Li. 19) Doping of NKN ceramics with Li improves sinter ability, which is a general problem for undoped NKN ceramics. Note that only hot-pressed samples can be sufficiently densified. 20) , 21) Besides Li other additives, such as MnO 2 were used to increase the density of materials by inhibiting grain growth during sintering. Different amounts of sintering additives CuO and MnO 2 were also tried to suppress the volatilization of Na 2 O by decreasing the sintering temperature. 22) Especially from the industrial perspective, additives are important in order to manufacture samples in large numbers with equal properties. However, certain additives increase the formation of oxygen vacancies, which are a major influence on the electric fatigue behavior of piezoelectric ceramics. 13), 23) It is uncertain whether or not phase transformation T O-T and the increased formation of oxygen vacancies via doping plays a critical role for long term stability at elevated temperatures. Therefore, we investigate the fatigue behavior of undoped LNKN ceramics as well as LNKN with several additives at high electric fields and different temperatures to observe the influence of the phase transition temperature and dopants against it.
Experimental
Two different materials were used for the fatigue tests: Li 0.06 Na 0.52 K 0.42 NbO 3 (LNKN6-a) and Li 0.06 Na 0.52 K 0.42 NbO 3 with additives: 0.65 mol % Li 2 CO 3 , 1.3 mol % SiO 2 , 0.2 mol % MnCO 3 , 0.5 mol % SrCO 3 , and 0.5 mol % ZrO 2 (LNKN6-b). More information about the materials can be found in the work by Hatano et al. 24) The ceramic samples were cut and ground into rectangular bars with a thickness of about 0.6 mm, width of 2.1 mm, and length of 10.5 mm. The largest surfaces were coated with silver and annealed at 700°C for 5 min. Subsequently, the samples were poled in silicone oil under an applied electrical field of E = 3 kV/mm for 30 min and a temperature of 100°C for LNKN6-a and 150°C for LNKN6-b. The samples were cooled down to 40°C with the electric field still switched on. To apply the cyclic electric fields, the samples were placed between a metallic needle and electrode. To avoid arcing, this set-up was immersed in a bath of silicone oil. A function generator (Multifunction Synthesizer WF 1943A, NF Corporation, Yokohama, Japan) connected to an amplifier (Model 610D, TRek Inc., New York, USA) was used to apply a sinusoidal unipolar signal with a frequency of 50 Hz onto the samples for up to 10 6 cycles. The amplitude during these fatigue tests was 4 kV/mm; this is approximately four times the coercive field E C for LNKN6-a and approximately 3 times that for LNKN6-b. The fatigue tests were performed at selected temperatures between room temperature and 150°C. Care was taken that the applied electric field was aligned in the same direction as the polarization field of each sample. To obtain reliable results for long-time changes in material characteristics after fatigue tests, 4 samples were tested under each temperature and additional experiments were performed after 48 h. P(E) hysteresis loops were determined with a ferroelectric tester (TF Analyzer 2000, aixAcct, Aachen, Germany) at room temperature. Unipolar strain S was measured via laser Doppler vibrometer (DemodulaterAT3600, Graphtec, Yokohama, Japan). The measuring frequency and electric field was 1 kHz and 0.5 kV/mm, respectively.
Silver electrodes were polished off, and X-ray diffraction data were obtained by an X-ray diffractometer (X'Pert Pro, PANalytical, Almelo, Netherlands) with a Cu K¡1 radiation source.
Step mode measurements contained step width of 0.017°a nd the total spectrum between an angular interval from 10 to 100°was collected at room temperature. The collected data was refined, using the XRD Rietveld method supported by the software FULLPROF. 25) We modeled both materials, using space groups P4mm with coexisting Amm2 and used the Pseudo-Voigt function to define the profile shape.
Two samples for each composition and temperature were further used for SEM evaluations. The surfaces vertical to the poling directions of the samples were mechanically polished with SiC powder (#600#2000) and finished by polishing with colloidal silica. To reveal domain structures, the polished samples were chemically etched for about 45 min with a mixture of HF:HCl:H 2 O = 1:1:18 by volume. A thin layer of Au/Pd was sputtered onto the samples to avoid charging; then, domain configurations were observed using a SEM system (JSM-7001F, JEOL, Tokyo, Japan) at an acceleration voltage of 5 kV.
Results
The X-ray diffraction (XRD) pattern of LNKN6-a and LNKN6-b are shown in Fig. 1 .
As shown by the patterns, both samples do not differ much from each other. However, Rietveld refinement showed the difference in phase composition. Table 1 compares the weight percentage wt % of the tetragonal phase (P4mm) to the orthorhombic phase (Amm2) in both materials before and after poling, as well as different piezoelectric properties.
The Young's moduli Y 11 as well as the coupling factor k 31 for LNKN6-a and LNKN6-b have the same value. Overall, LNKN6-b had a lower weight percentage of the tetragonal phase than LNKN6-b in the poled and unpoled case. For both materials, the weight percentage increased after poling took place. Because d 31 and Q m are inversely proportional, LNKN6-a had a higher piezoelectric coefficient d 31 and lower mechanical quality factor Q m than LNKN6-b. Figure 2 shows the temperature dependence of the relative permittivity ¾ 33 /¾ 0 and the dielectric loss tan ¤ for poled LNKN6-a and LNKN6-b.
The dielectric loss tan ¤ was on the same level for both materials and increased with increasing temperature. LNKN6-a had higher relative permittivity values (¾ r = 900) at room temperature than LNKN6-b with ¾ r = 750. In the observed temperature range, JCS-Japan the permittivity shows a maximum in both materials around 50°C, with ¾ r = 950 and ¾ r = 800 for LNKN6-a and LNKN6-b, respectively. After 50°C, the permittivity of LNKN6-a decreased more significantly than LNKN6-b and showed lower values after a temperature of about 110°C. LNKN6-b exhibited a very stable temperature dependence of the dielectric permittivity over the range of room temperature to 150°C. Thus, the composition of LNKN6-b seems to be closer to the morphotropic phase boundary MPB (tetragonal wt % less than 60%), thereby showing less susceptibility against temperature changes. In addition, the unipolar strain S was observed for both samples before and after fatigue at different temperatures. The results are shown in Fig. 3 , with the solid lines representing the as-poled values of LNKN6-a and LNKN6-b.
The results show that unipolar strain is decreasing for LNKN6-a throughout the observed temperature range. The degradation had equal values for all fatigue temperatures. In contrast, the unipolar strain of LNKN6-b seemed only to decrease at room temperature and remained constant after fatigue between 50 and 150°C. The ferroelectric properties were also changed after fatigue experiments. Figures 4(a)4(d) represents the P(E) hysteresis loops of LNKN6-a and LNKN6-b before and after fatigue temperatures of room temperature and 150°C.
In general, LNKN6-b had a higher switchable polarization 2P r and coercive field E C than LNKN6-a. According to the P(E) hysteresis loops, the switchable polarization 2P r and the coercive field E C of unfatigued samples were 10.1¯C/cm 2 and 0.95 kV/mm for LNKN6-a and 21.6¯C/cm 2 and 1.35 kV/mm for LNKN6-b, respectively. In both materials, the switchable polarization 2P r decreased after the fatigue experiments. Figure 4(a) shows the fatigue behavior of LNKN6-a under room temperature, whereby an increase of the coercive field E C is apparent. In Figs. 4 (b)4(d), the coercive field E C remained constant, and the hysteresis loops shifted. Figures 5(a) and 5(b) show the changes of switchable polarization 2P r and E C after 10 6 cycles at different temperatures. The values of the fatigued samples 2PB r and EB C were normalized by dividing them with the initial values 2P r and E C , respectively. The highlighted line represents the unfatigued state of an as-poled sample.
As mentioned before, the switchable polarization decreased after the fatigue experiments. Figure 5(a) shows the degradation for LNKN6-a at each temperature condition. Figure 5(b) shows that the switchable polarization decreased for LNKN6-b after each fatigue temperature T except 50°C. On the other hand, the coercive field E C remained constant for LNKN6-b throughout each condition. For LNKN6-a, the average value of the coercive field after fatigue at temperatures higher than room temperature would also suggest that almost no change occurred in the material. After the fatigue tests at room temperature, the coercive field of LNKN6-a increased for about 15%. 2P r decreased with increasing temperature and reached a minimum at 100°C with a nearly 30% (=3¯C/cm 2 ) reduction. At 150°C, 2P r of LNKN6-a and LNKN6-b declined by 20% (=2¯C/cm 2 ) and 15% (=3.2 C/cm 2 ), respectively. It should be noted that at 50°C, 2P r of LNKN6-b remained at the same value as in the unfatigued case, suggesting that no fatigue appeared under this conditions. As shown in Figs. 4(a)4(d), besides changes in coercive field and switchable polarization, the P(E) loops shifted after the fatigue experiments. Due to the poling process, both samples had an internal bias field E bias . These residual internal bias fields E bias = 1/2(jE À C j À jE þ C j) were evaluated for both samples to 0.1 and 0.35 kV/mm for LNKN6-a and LNKN6-b, respectively. Figure 6 shows the internal bias field after the fatigue tests at different fatigue temperatures. The highlighted lines are the values of as-poled LNKN6-a and LNKN6-b.
At lower temperatures, the changes of the internal bias field differ for both materials. After fatigue at room temperature, the internal bias field of LNKN6-a reached negative values of about ¹0.1 kV/mm. At 50 and 100°C the internal bias field reached positive values, which were still slightly lower than the poled case. LNKN6-b, showed an increase of the internal bias field at each temperature condition, except 50°C. Only for fatigue tests at 150°C the changes of the internal bias field were similar for both materials. E bias increased for about two times its initial value for LNKN6-a (=0.29 kV/mm) as well as for LNKN6-b (=0.6 kV/mm). Figure 6 also shows a fatigue-free behavior of LNKN6-b at 50°C. Table 2 summarizes the results of the piezoelectric properties of LNKN6-a and LNKN6-b before and after fatigue at different temperatures. 
Discussion
After fatigue at several temperatures, no significant changes were observed for piezoelectric properties, but strain S and P(E) hysteresis loops showed different fatigue behaviors depending on the material and temperature. For LNKN6-a after each fatigue experiment as well as for LNKN6-b at room temperature, the strain was lower compared to as-poled samples. The switchable polarization 2P r decreased, and an internal bias field E bias was observed. In addition, the coercive field E C remained relatively constant. Two noteworthy observations were made for the fatigue conditions of LNKN6-a under room temperature and LNKN6-b under 50°C. First, LNKN6-a showed an increased coercive field after fatigue at room temperature. Furthermore, no fatigue was observed for LNKN6-b after tests at 50°C. In many cases, the fatigue behavior was similar to the observations made in the literature for PZT. Fatigue studies on PZT explain different processes that can appear during electric cycling of piezoelectric materials. The inherent processes responsible for unipolar fatigue are attributed to induced charge carrier accumulation during electric field cycling. The domain mobility is not significantly affected by these charge carrier accumulations and it is therefore more likely that these accumulations develop at grain boundaries. 26) The main charge carriers in PZT structures are oxygen vacancies 27) and thus unipolar fatigue effects can be attributed to their accumulation. 14) This accumulation leads to an increase of an internal bias field as well as a decrease of the switchable polarization. 4),14),28)30) Yao et al. explained the development of the internal bias field during unipolar fatigue. At grain boundaries the polarization vectors of domains in neighboring grains cannot compensate each other due to crystallographic mismatch. This leads to the occurrence of strong, locally varying depolarization fields. Charge carriers, such as oxygen vacancies, try to compensate these fields and accumulate at the respective areas. This accumulation of charges forms the local bias field E bias , which has the same orientation as the applied field during fatigue. 14) In order to explain the larger bias field in LNKN6-b, we took a closer look at the dopants. From the ion radii of the different elements, we can estimate if they attach to A or B site of the perovskite structure. For this reason Table 3 lists the different dopants with their respective ion radius. It should be noted that the values for B site ions were taken with a coordination number of 6, whereas the A site ions were taken with the highest possible coordination number. 31) Li + and Sr 2+ most probably will take the place on the A site of the perovskite structure. Whereas Li will show no charge defect, the implementation of Sr will be compensated by positive holes. In case of Mn two possibilities remain. Due to the small ion radius and the possibility to have an oxidation state of (IV), the B site is most probable. However, the occupation of the A site cannot be ruled out. As for Si 4+ and Zr 4+ , these elements will most likely occupy the B site of the perovskite structure. Thus, it is most probable that the dopants overall will show an increase of oxygen vacancies. Thus, the overall higher internal bias field in LNKN6-b can be explained, by the increase of oxygen vacancies and space charge accumulation through several dopants. Patterson and Cann showed for CuO-doped NKN ceramics that the fatigue is accelerated. They explained this behavior by the increased number of defects and space charge carriers. 13) Further evidence for increased space charge accumulation in LNK6-b can be found in the change of switchable polarization. At 150°C, the absolute values of 2P r decreased for LNKN6-a and LNKN6-b by 2 and 3.2¯C/cm 2 , respectively. Glaum et al. showed the influence of temperature on E bias and observed a higher induced internal bias field during cycling with increasing temperature. 30) This behavior was also observed for LNKN6-b, where with increasing temperature from 100 to 150°C, the internal bias field after fatigue increased. However space charge accumulation cannot account for all the observed results. An intragranular crack, visible in Fig. 7(a) , is rarely observed during unipolar cycling, because the introduced stresses are usually too small to initiate cracks. Nevertheless, Jiang et al. showed that crack formation and propagation in PZT during unipolar cycling depends on grain size and piezoelectric constant d ij , 32) porosity 33) and surface condition. 34) Thus, LNKN6-a is more susceptible to crack formation, due to a higher piezoelectric constant d 31 and average grain size. After micro-crack formation, the electric field is concentrated at the crack tips and weakened throughout the whole sample. As a result, the effective field inside the sample is less than the applied field, which limits domain switching and consequently decreases polarization and increases the coercive field E C . 32) Furthermore, the micro cracks reduced unipolar strain as shown above. In LNKN6-b, no cracks were observed throughout the investigated temperature range, but the decrease in strain at room temperature might suggest the formation of defects in the material. Further, with increasing temperature the crack formation appeared less in LNKN6-a, as suggested by the coercive field measurements from Fig. 5(a) and micro structure observation. Hill et al. showed the same behavior in PZT, where with increasing temperature the crack density after unipolar cycling decreased. 35) In case of LNKN6-a, the crack density was the highest after fatigue at room temperature. Because of the negative internal bias field E bias at this temperature, it is suggested that intragranular cracks prevented the material from forming a depolarization field during fatigue. Moreover, LNKN6-a showed larger error bars in Figs. 4 and 5 than LNKN6-b, which can also be the result of micro crack formation, as the process is random. Nevertheless, the fatigue free behavior of LNKN6-b at 50°C cannot be explained by the above mentioned processes. Representative impedance measurements are shown in For LNKN6-a, the measured results shifted to lower frequencies throughout the investigated temperature range. Figure 9 shows the changes of the weight percentage of the tetragonal phase, which were evaluated from the Rietveld refinement. The highlighted line represents the tetragonal weight percentage of the aspoled samples. The change in the weight percentage of tetragonal phase showed that phase transformation partially appeared during fatigue experiments with increasing fatigue temperature. LNKN6-a showed a decrease in the tetragonal phase after fatigue under room temperature and 50°C. At 100 and 150°C, the tetragonal phase in LNKN6-a showed no changes compared to as-poled samples. On the other hand, the tetragonal phase of LNKN6-b remained almost unchanged during fatigue at room temperature and 50°C. At temperatures above 50°C, the material showed an increase of the tetragonal phase with increasing temperature. It is therefore believed, that partial phase transformation from orthorhombic to tetragonal phase occurred during fatigue experiments and that this process counteracted the space charge accumulation. As a result, no fatigue was observed in LNKN6-b at 50°C.
Conclusions
The unipolar fatigue behavior of lithium-modified NKN ceramics have been evaluated as a function of temperature in the range from room temperature to 150°C. In general, the piezoelectric properties in both materials did not decrease significantly. However, it was shown that LNKN6-a is especially susceptible to micro crack formation during fatigue at room temperature up to 150°C. These intergranular cracks lead to a significant decrease of the switchable polarization 2P r . This behavior was not observed in LNKN6-b, which showed no micro crack formation throughout the examined temperature range. The major factor was most likely the smaller grain size compared to LNKN6-a. Notably in LNKN6-b is the fatigue free behavior at 50°C. It is suggested, that possible phase transformation lead to this behavior in LNKN6-b. 
